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The discontinuities in the cell walls of these cells can be explained by the growth of quartz crystals through the cell walls (arrows). We interpret these discontinuities as post-mortem rather than primary features of the cells such as wall reticulation, budding or opening of cells. Note that the platinum grain observed on the FIB section in a is a particle that was redeposited after the tearing of the Pt-coating in the top-right part in the FIB section. The length of cell-shaped domains, bound by filament-perpendicular organic segments was measured using imageJ as the maximum length of the quartz crystals in FIB sections, or more commonly in photomicrographs from the middle of each organic segment to the next (e.g. pink line in the zoom inset). b, Ratio of the average length of segment to filament diameter in each microfossil, reported against filament diameter. Vertical error bars represents one standard deviation, and horizontal error represents +/-100 nm error linked with measurement reproducibility. The length/width ratio (elongation) parameter has been chosen because it can relate to cellular ultrastructure and filament stiffness parameters 1 . Filaments can be sorted as three groups: Gunflintia minuta with 1.4<diameter<2µm and 1.7<average length/diameter<2.3 (blue), Gunflintia minuta with 2<diameter<2.5µm and 1.3<average length/diameter<1.5 (green), and Gunflintia grandis with diameter>4µm and 1<average length/diameter<1.2 (orange). c, Histogram of all segment length measurements. The narrower Type 2 G. minutia (blue) show a distribution of segment lengths with sharp maxima at 2.75, 3.5 and 4 µm. The slightly broader Type 2 G. minutia (green) are mainly characterized by a maximum at 3.5 µm with shoulders at lower lengths. G. grandis (orange) display a much higher variability in segment length. Remains of a previous gold coating (now mostly removed through re-polishing of the thin section) appear in white. c and f, SEM EDXS maps recorded at high electron beam power (30kV and spotsize#6 for ca. 1 hour) in order to detect Fe-bearing crystallites in the first micrometer inside the outcropping quartz grains (this is necessary as outcropping organic matter and Feminerals were largely removed through polishing). In contrast to the more energetic X-rays generated by iron, carbon within the quartz crystals cannot be mapped using this technique because of X-ray reabsorption by the matrix.

Supplementary Figure 15 | Identification of greenalite. a, SAED of greenalite crystal in
Gunflintia Grandis E55-1t2 (circled in Supplementary Fig. 7c ). Arrows indicate lattice spacing diagnostic of greenalite 2 : 7.2 Å (0,0,1) planes (red), and 23 Å superlattice (green). b. STEM dark-field image of greenalite. The crystals in the green circle traverse the FIB section, allowing analyses without quartz interference. c, STEM EDXS spectra of greenalite in the green circle in b (1: same zone as in Fig. 3a) , of the circle (3) in Fig. 4h and of the circle (8) in Supplementary  Fig. 6g . d, Si L2,3 edge EELS spectra distinguishing the silicon structural arrangements of greenalite and quartz in circled regions in b. e, Fe L2,3 edge EELS spectra of greenalite crystals (8 in Supplementary Fig. 6g) Fig. 4h and of the siderite crystals numbered 5-7 in Fig. 4 . b, Carbon 1s edge XANES (red) and EELS (blue) spectra identifying carbonate groups in siderites 5 and 7 of Figs. 4g and 4e. c, Fe L2,3 edge EELS spectra of the siderite 5 in Fig. 4g and of the Fe-sulphide 4 in Fig. 4h showing a Fe Clastic grains are rounded to angular. Secondary ankerite rhombohedra cross-cut clasts (boxed zone). e, SEM EDXS maps of major elements in an ankerite rhombohedron, and pyrite inside the rounded clast (lower part of the boxed zone in d). Pyrite is also included in the ankerite rhombohedron. The iron-rich overgrowth on the carbonate rhombohedron shows no sign of Feoxidation. The gold (Au) patches are the remnants of a prior conductive coating (mostly removed by polishing) used for FIB experiments. f, vertical vein filled with ankerite (yellowpink), and from which ankerite rhombohedra extend into the quartz (shades of grey) matrix at the margins of the vein. g, Open fracture with Fe-(oxy)hydroxide (red arrows) connected with an ankerite rhombohedron replaced by Fe-(oxyhydroxide). The ankerite rhombohedron that is not connected to the fracture (blue arrow) remained pristine. The (oxy)hydroxide nature was deduced by the absence of detectable Raman signal in conditions (1-5 mW laser power, 5 minutes acquisition time, 532 nm excitation ) that should readily detect hematite and magnetite. , escaping reduction by e.g. organic matter in stage (2). Stage (2) could have proceeded through microbial and/or thermal oxidation of organic matter 10, 11 . The depletion in light Fe-isotopes associated with Fe -minerals through thermal oxidation of the available organic matter as they suffered sufficient burial temperatures >150-170°C 10, 12 . Stage (3) concerns microfossiliferous Gunflint samples where iron is only present as Fig. 17 and Ref. Our stromatolite sample has been affected by stages in blue boxes and, possibly, by stages in discontinuous boxes of Supplementary Fig. 18 . Stages (1b) and/or (1a±1c+2) formed the observed greenalite+siderite+pyrite. Fe -minerals, absence of haematite). At the sampled locality, lateral transitions between haematitic (stage 3) and preserved (organic-rich) stromatolites occur on the sub-meter scale 7, 13 . This argues that the preserved stromatolite we studied (and other organic-rich stromatolites) could have accreted in similar Fe-oxidizing conditions than its haematitic counterparts at the Schrieber locality where Fe-isotope signatures of stage (1) are recorded. In our sample, stage (4) ankerite is absent in microfossils that preserve stage (2) Fe-minerals, indicating that it formed from distinct, Ca-and Mg-enriched fluids.
Supplementary Discussion
The following section presents five schematics ( Supplementary Figs. 19-23 -fluids meet the organic-rich conditions of the cell wall and/or of the decaying intracellular content; both conditions could favor precipitation of iron. Precipitation should thus start at this diffusion boundary, and post-mortem Fe 2+ or Fe 3+ mineralization should encrust the inner and/or outer surface of cell walls first 15, 16 and not only scatter crystals at the center of cells. This is supported by experimental evidence and observation of younger fossils, as listed in the main text. b, Illustration of the case of an anisotropic, convection-free diffusion of Fe 2+ , which belongs to Liesegang-band formation processes. Similar to the diffusion+convection process, Fe-precipitation should occur at the diffusion boundary and/or at regular distances from this boundary. Fe-precipitation is expected to preferentially occur on the parts of the microfossils that are oriented toward the Fe 2+ -diffusion front. Moreover, Fe-minerals of distinct compositions are expected to form in distinct bands (e.g. bands of greenalite separated from bands of siderite) due to contrasting saturation states created at the limits of the diffusion boundary 17 . Such banded Fe-precipitates have been observed in petrified wood, where bands cross-cut cell walls and are associated with dark Femineral linings on the cell walls (Fig. 31 in Ref. 18 ). However, no mineralogical control is observed on the spatial distribution of Fe-minerals in Gunflint microfossils: greenalite and siderite are homogeneously mixed at the center of microfossils. Moreover, no spatial correlation appears between Fe-minerals and the main diffusion boundary that is the cell wall. Therefore, these models of abiotic Fe-mineralization associated are difficult to reconcile with the microfossils mineralized by greenalite+siderite with only scattered intra-microfossil Fe-minerals and no minerals near/at the wall boundary. ). In this model, almost all the organic molecules (black chains) of the fossils, including the resilient sheath/wall polysaccharides, are available for heterotrophic consumption, as indicated by the low abundance of organic matter in these fossils [Ref.
19 and Supplementary Fig. 17a-c] . The localization of pyrite replacing the organic walls of the fossil can be explained e.g. by Fe 2+ adsorption onto remnants of polysaccharide wall 21, 22 during pyritization. Pyrite is abundant outside the microfossils, as scattered crystals and overgrowths of pyritized microfossils (pink arrows in Supplementary Fig. 17b ) and encrustation of the heterotrophic SRB (Ref. 19 ). Supplementary Figs. 17b-c show the absence of intracellular pyrite and the general absence of Fe-minerals inside the pyritized cells, suggesting that intracellular contents did not favor pyritization. Altogether, the mineralization pattern and the replacement of organic matter in pyritized microfossils strongly contrast with organically-preserved microfossils with intracellular greenalite+siderite, indicating that the latter could not form from oxidation (stage 3 or 5) of the former. Supplementary Fig. 19 , which has been discussed above. -mineralization is expected to occur as much outside as inside microfossils. The assemblage of greenalite and siderite would dominantly have formed outside and/or on the surface ( Supplementary  Fig. 19 ) of microfossils, which is not the case in our sample, hence refuting this model as the origin of the large concentrations of iron in thick-walled Hurosniospora and Type 2 Gunflintia. In addition, physical breaching of the cell wall by heterotrophs prior to encapsulation by silica is difficult to reconcile with the 3D preservation of the microfossils. Indeed, in modern siliceous environments, 3D preservation is allowed by a first step of external (and/or external + internal) silicification of unbreached cells followed by cytoplasm degradation and secondary silica infilling (Ref. 24 ). Encapsulation by silica would drastically reduce physical access to the decaying cells by DIR and other heterotrophic bacteria, consistent with the molecular preservation of Gunflint microfossils (Ref.
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). -minerals. At this stage, silicification already occurred, amorphous SiO 2 was largely recrystallized to quartz, which limited the diffusion of OM and metamorphic products, favoring in situ replacement and explaining the scarcity of greenalite and absence of siderite outside microfossils. This contrasts with pyritization ( Supplementary Fig. 20 ) and bacterial (heterotrophic) iron reduction ( Supplementary  Figs. 21-22 ) that require chemical exchange between microfossils and heterotrophic bacteria through a more permeable matrix. Some of the internal organic matter now observed inside the microfossils (Figs. 1-2, Supplementary Fig. 6 ) could correspond to relics of the cytoplasmic contents that could have fueled iron reduction. Finally, these thermal diagenetic reactions require a localized, mostly intracellular source of iron to explain the localization of greenalite+siderite+sulphides. Some siderites display rod shapes (Figs. 4a-f, Supplementary Fig. 16d ) instead of their normal rhombohedral shapes (Fig. 4g) , consistent with in situ recrystallization of rod-shaped Fe 3+ -(oxyhydr)oxides. Moreover, similar to Supplementary Fig. 19 , externally sourced Fe 2+ (e.g. from pore fluids) or colloids of Fe 3+ and organic molecules would lead to preferential precipitation of Fe-minerals in the matrix surrounding microfossils and/or at the cell wall interface, but not only at the center of microfossils.
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